Abstract. The local electron energy flux produced by magnetic fluctuations has been measured directly in the edge plasma (r/a > 0.75) of the Madison symmetric torus (MST) reversed field pinch (RFP), continuous current tokamak (CCT), and the scrape-off layer of the TEXT-U tokamak. The flux produced by electrons travelling parallel to a fluctuating magnetic field is obtained from correlation between the fluctuations in the parallel heat flux and the radial magnetic field. The fluctuations in the parallel heat flux were measured with a fast insertable pyrobolometer. The measurements reveal fundamental differences in the nature of electron energy transport in the RFP and the tokamak. In the RFP the fluctuation-induced energy flux is large (≈ 100 kW m −2 , comparable to the total ohmic heating power) inside the reversal surface where the magnetic field is expected to be stochastic, and small in the edge. The magnetic fluctuation induced radial energy flux Q and radial particle flux (measured independently) are related by a 'convective' formula Q ≈ 3/2T . The electron heat transport is significantly lower than the value predicted by the Rechester-Rosenbluth transport model. This feature of the electron energy transport can be explained using self-consistent calculations that account for clumping of electrons streaming along the magnetic field. In the tokamak the magnetic fluctuations do not contribute to the total energy transport except in the vicinity of the q = 2 magnetic surface, where the transport is associated with large amplitude Mirnov oscillations.
Introduction
It has long been recognized that fluctuations in the magnetic field are a potent mechanism for the anomalous transport of energy in confined plasmas [1] .The energy transport process originates from particle motion along magnetic fields, which have a fluctuating component in the radial direction (perpendicular to the confining equilibrium magnetic surfaces). A key feature is that the transport can be large even if the fluctuation amplitude is small. If the fluctuations are resonant with the equilibrium magnetic field (i.e. the fluctuation amplitude is constant along an equilibrium field line) then a small fluctuation can introduce stochasticity to the field line trajectories. Particles following the chaotically wandering field lines can rapidly carry energy across the plasma.
After several decades of research it has remained an open question as to whether magnetic fluctuations are responsible for anomalous transport in confinement systems, such as the tokamak, stellarator and reversed field pinch. In all these devices, magnetic fluctuations have been measured and anomalous energy transport is observed. However, causality between the two has never been proved or disproved. Lacking direct measurements of the energy flux driven by magnetic fluctuations, inferences have been made from measurements of the magnetic fluctuation amplitude. For example, under an assumption of collisionless electrons in a stochastic magnetic field a simple quasilinear estimate [2, 3] of the electron thermal conductivity is often applied to experiment χ e = v e L cb 2 r (1) where v e is the electron thermal velocity, L c is the parallel correlation length for the magnetic fluctuations, andb r =B r /B is their relative amplitude. This heuristic estimate (customarily referred to as the Rechester-Rosenbluth model) usually results in small magnetic-fieldinduced transport at the plasma edge, as concluded in TEXT-U [4] . On the other hand, the level of fluctuations may become significant deeper in the plasma core [3, 5] ; experiments with a variable safety factor q in the TOKAPOLE tokamak [6] indicate that magnetic fluctuations are significant at low q. Experiments in the ISX-B tokamak [7] at high beta (plasma pressure), Doublet III [8] , and JET [9] show a correlation between confinement time and magnetic fluctuations. As the confinement time decreases, the fluctuations increase; however, causality between them was not established.
Magnetic fluctuations in the RFP have even larger amplitudes than in a tokamak. Large amplitude tearing modes are resonant in the core and the amplitudes of the fluctuations exceed the magnetic islands overlap condition, therefore establishing a stochastic magnetic field in the core.
In this paper we present direct measurements of magnetic fluctuation induced electron heat transport in the Madison symmetric torus (MST) [10] RFP, continuous current tokamak (CCT) [11] and TEXT-U [12] tokamak. The paper is organized as follows. The description of the diagnostic is given in section 2. The RFP studies are described in section 3. The tokamak studies are described in section 4. The discussion of the results can be found in section 5.
Diagnostic
To determine decisively the role of magnetic fluctuations in energy transport requires measurement of the energy flux specifically generated by the fluctuations. The radial energy flux arising from electron motion parallel to the magnetic field is given by Q r = Q ·r = (Q ·b)(b ·r) whereb andr are unit vectors along the magnetic field and the radial direction respectively. Separating Q andb into equilibrium and fluctuating quantities yields the ensemble-averaged radial energy flux [13] 
whereQ is the fluctuating electron heat flux parallel to the equilibrium magnetic field (i.e. Q = v (mv 2 /2)f (v) dv),B r is the fluctuating radial magnetic field, B is the equilibrium field, and the brackets represent the flux-surface-averaged product of fluctuating quantities. The key to measuring the energy flux from the fluctuating magnetic field is to obtainQ and B r locally within the plasma and correlate these two quantities. This approach differs from all past work in which transport is calculated using the Rechester-Rosenbluth transport model with the measuredB r as input.
While local measurements ofB r can be readily obtained (for example, with a small pickup coil) fast measurement ofQ in a plasma environment can be quite challenging. In order to measureQ we have devised the fast bolometer technique described in [14, 15] .
The technique was used for magnetic-fluctuation-induced heat flux measurements in MST RFP [16] , TEXT-U tokamak [17] , and CCT tokamak [18] .
The schematics of the bolometer is shown in figure 1 . The bolometer incorporates pyrocrystals of LiNbO 3 for the heat flux measurements. The diameter of the crystal is 1 cm and the thickness is 1 mm. When exposed to a plasma (or any other source of thermal energy) the crystal generates electric current that is proportional to the absorbed power. The signal is measured with a fast current-to-voltage converter. The heat flux measurements were absolutely calibrated and the frequency bandwidth was measured to be 150 kHz [14] . The sensitivity of the bolometer is 1.8 × 10 −8 A W −1 . The range of measurable fluxes is 0.1 W cm −2 − 10 kW cm −2 . The bolometer housing also contains a small magnetic coil for radial magnetic field measurements. The frequency bandwidth of magnetic measurements was 200 kHz [15] . The main source of the heat flux at the plasma edge is electrons streaming along the magnetic field lines. The electrons enter the bolometer through small, thin apertures of 1 mm diameter in the protective boron nitride shroud. There are two apertures located on the opposite sides of the shroud. When the bolometer is aligned along the magnetic field it measures the field-aligned heat flux simultaneously in two opposite directions. These heat fluxes are subtracted from each other in order to yield the net parallel heat flux. This approach allows one, in addition, to subtract the plasma noise signals (found to be small) and the radiation power (also found to be small in comparison to the direct electron power flux). In addition, we can control the electron flow by biasing the repeller electrode. Applying a negative bias of 1 kV essentially shuts off the electron flux and greatly reduces the total energy deposited into the bolometer during a discharge. Reducing the bias to 0 V allows the electrons to enter the bolometer. In the experiments described below the bolometer is open for 2-8 ms during the plasma current flat-top. The bolometer collects all electrons with energy up to ∼ 1-2 keV when the electron gyroradius becomes comparable to the entrance aperture radius. The geometrical transparency of the entrance aperture was evaluated by a Monte Carlo simulation of the incoming electron flux in the magnetic field. The ions enter the bolometer as well and are not explicitly separated, but their heat flux is smaller by at least a factor of (m e /M i ) 1/2 (T i /T e ) 1/2 in comparison to the electron flux. The separation of the entrance apertures in the parallel direction was 2.5 cm, which determines the parallel wavelength resolution. The magnetic coil diameter was 0.5 cm and the length (perpendicular to the magnetic field) 0.3 cm. These spatial dimensions appear to be much smaller than the characteristic parallel and perpendicular correlation lengths and wavelength of interest for both RFP and tokamaks. For example, the parallel correlation length for the dominant m = 1 tearing mode in MST [16] and m/n = 2/1 Mirnov oscillation in the CCT [17] is ∼ 0.5-1 m. The perpendicular correlation length for dominant modes is about 10 cm for MST and 4-8 cm for CCT.
RFP measurements
MST is a relatively large RFP (a = 0.5 m, R = 1.5 m) with moderate plasma current (I < 0.5 MA). To permit diagnostic insertion into the plasma, the plasma was maintained at reduced parameters. For measurements at the plasma edge (r/a > 0.9) the plasma current was maintained at 220 kA; for deeper insertion (0.75 < r/a < 0.9) the current was reduced to 120 kA. The line-averaged density was 0.8-1 × 10 13 cm −3 , and the central electron temperature was 100-150 eV. The confinement properties and fluctuation characteristics are relatively unchanging over the full current range of MST, so that we believe that the results are not peculiar to low current. Magnetic fluctuations have been studied extensively in MST [19, 20] . Nearly all the fluctuation power (> 90%) resides in several modes at low frequency (f < 30 kHz) with poloidal and toroidal mode number m = 1 and n = 5-8. Detailed comparison between the nonlinear MHD computation and experimental measurements, including details of nonlinear coupling [21] , has established that the fluctuations are nonlinearly coupled, global, tearing modes resonant in the core. These modes have large amplitude ofB r /B ∼ 1-2% and are capable of breaking the magnetic surfaces within the reversal surface [22] (at r/a ≈ 0.85). This provides an ideal environment for fluctuation-induced transport studies. The higher frequency fluctuations (f > 50 kHz) are small-scale turbulence resonant with the local magnetic field. Their origin is not yet established.
The radial energy flux driven by magnetic fluctuations is obtained from the fluctuation measurements by forming the correlated product Q b r . The flux surface average is realized experimentally by averaging many time records. Since the phase of the fluctuations is random over a magnetic surface, the ensemble average approximates a magnetic surface average. The product can be decomposed into spectral components:
where |Q (f )| and |B r (f )| are the average spectral amplitudes of the two fluctuating quantities, γ (f ) is the cross-coherence, and φ(f ) is the phase shift between the fluctuating electron heat flux and the fluctuating radial magnetic field. The spectral amplitudes, crosscoherence, and the phase shift were calculated using the fast Fourier transform (FFT) technique. To cross-check the calculations the transport was also calculated using direct time averaging. The statistical analyses of our data showed a very good agreement between the direct time averaging and the spectral analyses.
To determine the radial energy flux driven by these fluctuations we have evaluated the cross-coherence betweenQ andB r from ensembles of 60-120 reproducible discharges. The peak coherence is strong and restricted to low frequency (≈ 10 kHz). This coherence arises from the several dominant tearing fluctuations. The coherence decreases with radius, reaching ≈ 0.2 at r/a = 0.85 (reversal surface) and ≈ 0.3 near r/a = 0.95. The crosspower frequency spectrum is displayed in figure 2 . It is clear that the energy flux from magnetic fluctuations arises mainly from the low-frequency tearing oscillations resonant in the core. The higher-frequency microturbulence has a weak cross-coherence and low amplitude; hence, it does not contribute significantly to the energy flux from magnetic fluctuations. The radial profile of the energy transport Q r = Q B r /B is shown in figure 3 (full symbols). Also shown is the total energy flux density calculated as the total ohmic power normalized to the magnetic surface area at the corresponding radius. We see that at the plasma edge the heat transport from magnetic fluctuations is low, but inside the reversal surface (r/a < 0.85) it constitutes a significant fraction of the total flux. The observed radial dependence of the anomalous transport is consistent with expectation of field line stochasticity inside the reversal surface. The edge magnetic surfaces are not similarly disturbed since the tearing fluctuations are not resonant in that region.
These implications agree with results of MHD simulations using the nonlinear resistive MHD code DEBS [23] with finite electron pressure. The parallel electron heat flux was simulated in the conductive approximation as Q ∝ n∇ T e and the magnetic heat transport Q b r was calculated. The results of these simulations are shown in figure 4 . The magnetic fluctuation-induced heat flux reached its maximum and becomes comparable to the total heat flux just inside the reversal surface.
The stochastization of the magnetic field is expected to increase the particle transport as well as the heat transport. The magnetic fluctuation induced electron flux r = ˜ e B r /B was measured independently by correlating the fluctuation of parallel electron flux˜ e = J e /e and the radial magnetic fieldB r . The parallel electron currentJ e was measured with a small insertable electron energy analyser (EEA) [24] . The radial profile of the particle transport r multiplied by 3/2kT e , is shown in figure 3 on the same scale as the heat flux. It is evident that both heat and particle transport are comparable and exhibit similar radial dependence.
From the analysis of the radial energy and particle flux two important conclusions can be made. These conclusions are summarized as follows: 1. The electron heat flux is convective. This conclusion stems from the above mentioned comparison r = 3/2kT e Q r .
2. The electron heat flux is ambipolar. In other words, the electron heat transport is described by the Rechester-Rosenbluth (RR) model but with the ion speed substituted into equation (1) rather than the electron speed. Indeed, the magnetic fluctuation amplitude is large so the RR estimate (equation (1)) would give unrealistically large heat fluxes. Nevertheless, if the ion speed substituted into equation (1) rather than the electron speed then the estimate would agree with experiment. Estimating Q r = T e /a T n e χ e , where a T is the characteristic electron temperature gradient scale length and χ e = v e L cb 
We will discuss these conclusions in more detail in section 5.
Tokamak measurements
Measurements of magnetic fluctuation-induced electron heat transport were performed in the CCT tokamak [18] and TEXT-U Tokamak [17] . We start with the CCT experiments since more detailed radial profile information was obtained. The comparatively low-temperature and low-density CCT plasma tolerates probe insertion quite well without any adverse effect, as was established by numerous probe experiments in this machine. Hence, we obtained detailed profile information. The TEXT-U measurements were made only in the scrape-off layer.
The CCT plasma has a major radius R = 1.5 m and minor radius a = 0.36 m. In the described experiments the plasma current I p = 40 kA, the toroidal magnetic field B T = 0.25 T, the safety factor at the edge q(a) = 2.6 → 3, and the line-averaged density n e = 2.5 × 10 12 cm −3 . After proper conditioning at the plasma edge we could insert the bolometer as deep as r/a = 0.75 without change in discharge parameters such as loop voltage, plasma current, plasma density, visible and UV radiation, magnetic activity, and plasma position. The extent of the insertion was limited by the bolometer damage rather than plasma perturbation.
The same data analysis technique was used for tokamaks as for the RFP. Typically, ten shots were taken at each radial location. The signals were recorded during 8 ms at the CCT discharge flat-top period at a sampling rate of 1 µs.
Typical frequency spectra of the parallel heat flux and the radial magnetic field are shown in figure 5 . The magnetic spectrum features a high amplitude low-frequency coherent peak (Mirnov oscillation) centred at ≈ 5 kHz and low amplitude broadband high-frequency fluctuations. In order to differentiate between them we draw a separation line at 20 kHz. Figure 6 shows the cross-coherence γ (f ) and the phase shift φ(f ) at the probe radial position of 29 cm. The statistical noise level of the cross-coherence is shown by the thin full line.
The energy flux produced by broadband (f > 20 kHz) magnetic turbulence is very small, about 2% of the total energy flux. The total energy flux is approximated by the ratio of the total ohmic input power to the plasma surface area, which results in about 0.2 W cm 2 . The small contribution is mostly a result of the relatively small fluctuation amplitude; even ifQ andB r were perfectly coherent (γ = 1) and in phase (cos φ = 1), the fluctuation-induced flux would still only contribute 10% of the total energy flux.
The coherent Mirnov oscillations have a high amplitude and can cause substantial radial transport. The radial profile of the energy transport at the magnetic fluctuation amplitude of B r /B 0 = 7×10 −4 is shown in figure 7 . The radial transport is strongly peaked at r = 29 cm (r/a = 0.8). Analysis of the oscillations using magnetic pickup coil arrays located at the wall indicates the dominant mode of the Mirnov oscillation for the conditions of the experiment is m/n = 2/1 although other modes (3/1, 3/2) were present. No quantitative mode analysis at the probe location has been made. The location of the peak coincides with the estimated position of q = 2 rational surface. Estimate of the width of the m = 2 island (using the measuredb r ) gives = w = 4(b r Rq 2 /mq ) 1/2 = 6-7 cm and agrees well with the width of the measured energy flux profile. An interesting feature is that transport is low (∼ 5% of the total energy flux) away from the q = 2 surface even though the m = 2 amplitude stays large. The reduction in transport occurs mainly from the change in the phase shift between andQ andB r , from ≈ 60
• at the peak to ≈ 90 • (out of phase) outside of the peak.
The dependence of the energy flux, measured at the radius of the maximum of energy transport, on the fluctuation amplitude is shown in figure 8 . The flux increases monotonically with fluctuation amplitude. At the lowest amplitude the flux is zero within the error bars, which are represented by the points scatter. At the largest amplitude, the flux (at the maximum) is comparable to the total energy flux.
It is instructive to compare this dependence with a prediction of the RR model. Evaluating the radial heat flux at the probe location Q r = n e ∇T e v e L cb 2 r with the density and temperature profiles n e = 4 × 10 12 (1 − r 2 /a 2 ) cm −3 , and T e = 150(1 − r 2 /a 2 ) eV yields Q r [W cm 2 ] = 2 × 10 5b2 r , which is shown by the full line in figure 8 . The agreement with the experimental data is quite surprising, given our initial assumption that a single 2/1 island is residing at this location and the RR model describes diffusion in a stochastic magnetic field. However, it is conceivable that the nonlinear interaction with other ambient modes leads to a stochastic field in the separatrix layer.
Measurements in TEXT-U tokamak are described in [17] . TEXT-U is a medium sized tokamak with plasma major radius R = 1.05 m and minor radius a = 0.27 cm. For the results presented here, the toroidal field B T = 2.0 T, the plasma current I p = 200 kA and the central chord average plasma density n e = 2 × 10 19 m −3 . The pyrobolometer was mounted on the top of the tokamak, displaced 90
• toroidally from the limiters in the plasma current direction. The front edge of the pyrobolometer was located at the same radial location as the limiters (r = 0.27 m), with the entrance aperture area located 13 mm further out (at r = 0.283 m) where the local measurements of temperature and density are T e ≈ 30 eV and n e ≈ 2 × 10 18 m −3 . Due to a strong high-frequency electrostatic noise interference we were unable to resolve high-frequency components of the parallel heat flux and only the equilibrium component of it could be reliably measured in the frequency bandwidth of ∼ 1 kHz. Nevertheless it is possible to estimate an upper bound of the radial heat flux was made. To do this, the following substitutions into equation (2) were made: T it is found that Q r max = 8 × 10 −8 W m 2 . This is much less than the loss rate at the last closed flux surface, P ohm /A s = 1 × 10 −4 W m 2 , estimated from the input ohmic power reduced by radiation and charge exchange losses. However our measurements were made 13 mm behind the limiter so that the total perpendicular energy flux is reduced from the 10 −4 W m 2 by parallel flow to the limiters. Measurements of density and temperature scale lengths (20-30 mm) and infrared camera measurements of the limiter temperature give a scale length for power loss of 10 mm. Therefore, the total perpendicular energy flux at the location of the pyrobolometer is of the order 0.3 × 10 −4 W m 2 . This is still about factor of 400 larger than the maximum electron thermal flux associated with magnetic fluctuations (8 × 10 −8 W m 2 ).
Discussion
An intriguing aspect of the observations is that electron heat transport in MST is described by equation (1), but with the speed of thermal ions replacing that of electrons. It suggests the existence of an ambipolar constraint. Ambipolar constraints in magnetic turbulence are expected for particle losses but not for heat losses, provided the fluctuations are localized in the plasma away from material surfaces [26] . Heat loss can avoid ambipolar constraints because it can be driven by turbulence-induced exchanges of different energy electrons, with no change in potential [27] . There is, however, a mechanism (one that is usually neglected in transport calculations) that naturally leads to ambipolar constraints in magnetic fluctuation-induced heat transport [28] . This mechanism involves the development of strong, long-lived correlations at small scales among particles moving along turbulent magnetic fields. The occurrence of this clumping is a simple consequence of the spatial correlation properties of exponentially separating magnetic fields. Electrons following neighbouring fields remain correlated for longer than those following widely separated fields. There are thus correlations of electrons moving ballistically along the field, with lifetimes that exceed the turbulent correlation time, if the spatial extent of the clump is sufficiently small. These longlived, localized charge aggregates cannot be included in the plasma dielectric response; consequently they create a wake or emission field as they move ballistically. The emission process, and the subsequent collisionless Landau damping of the emission field, represent the turbulent energy and momentum exchange mechanism between particles that allows for irreversible heat loss. Because the wake field is resonantly excited by emission and resonantly damped by Landau damping, the energy and momentum exchange mimics collisional transport, where like-particle collisions lead to no transport, except for the heat exchanged in the presence of a temperature gradient. The latter situation provides a nonambipolar-constrained component of the electron heat flux. Emission by electron clumps, with subsequent damping of the emission field on the ion distribution leads to an ambipolarconstrained component [29] .
The relative size of these components depends on the spectrum ofb 2 k as a function of k in the frequency range for which transport occurs. Ifb 2 k (for ω < 20 kHz) peaks about k = 0, the self-consistent electron heat loss in magnetic turbulence is described by equation (1). Ifb 2 k (for ω < 20 kHz) peaks at k = k 0 = 0 and there is no power at k = 0(k 0 − k /2 > 0, where k is the spectrum width), the transport goes as
where v i is the ion thermal velocity, L n i is the ion temperature gradient scale length, ω is the frequency of the magnetic turbulence, ρ i is the ion gyroradius, and ω * e is the electron diamagnetic frequency. In the edge of MST, where the heat flux is measured, equation (3) applies. There, the parallel wavenumbers of the resonant tearing modes that dominate transport (ω < 20 kHz) are large (k ∼ 1-2 m −1 ) because they are centred on distant rational surfaces deep in the core. Locally resonant modes have high frequency (ω ∼ 100 kHz) and therefore make no contribution to transport. Taking ω as the rotation frequency of the core plasma (where the tearing modes are resonant) relative to the edge (where the measurement is made), the factor
is close to unity. The other factors are also close to unity and equation (3) becomes comparable to equation (1), but with the ion thermal velocity in place of the electron thermal velocity. Because the peak of the spectrum must shift to k = 0 in moving from the edge to the core, it is expected that core electron heat transport in MST will satisfy equation (1) . Note that this aspect of MST transport is at least superficially similar to the CCT result, where equation (1) holds at the resonant surface, but overestimates the flux away from the resonant surface. The same mechanism could account for transport in both machines, if the magnetic fluctuation spectrum in CCT is produced by larger amplitude fluctuations at low-order surfaces (such as the (2,1) surface), with much smaller amplitude fluctuations on higher-order surfaces away from the low order surfaces. However, it is more likely that the CCT results simply reflect the fact that the magnetic field ceases to be stochastic away from the (2,1) surface.
Conclusions
In summary, we have directly measured the electron energy transport induced by magnetic fluctuations in the RFP and tokamak. We have demonstrated that a technique, based on the development of a fast, insertable bolometer, can be applied to the edge of different plasma experiments to similarly discover the contribution of magnetic fluctuations to transport. Measurement of the correlation between fluctuations of the parallel heat fluxQ , and the radial magnetic fieldB r , give a definitive measure of the magnetic fluctuation induced heat transport.
For the RFP we have demonstrated that magnetic fluctuations can drive significant energy transport. This demonstration is definitive since we have directly measured the energy flux driven by magnetic fluctuations. The radial profile and frequency dependence of the fluctuation-induced flux is in accord with the expectation that internally resonant tearing oscillations are responsible for the transport. In the extreme edge, where the tearing oscillations do not break magnetic surfaces, the energy flux from magnetic fluctuations is small. It is worth noting that the RFP concept might be in the unique position of being accompanied by a basic understanding of the origin of both the dominant fluctuations and the anomalous energy transport. This feature is subject to the caveat that the results reported here were limited to one device under restricted conditions. Nonetheless, a physics basis now exists for the control of fluctuations and transport in the RFP, and appropriate techniques are presently being formulated.
An intriguing aspect of the observations is that electron heat transport in RFP is described by Rochester-Rosenbluth stochastic diffusion model, but with the speed of thermal ions replacing that of electrons.
The magnetic fluctuation-induced heat flux was also measured in the edge plasma of tokamaks. The basic conclusion is that transport is small and magnetic fluctuations are not the cause of anomalous transport in tokamaks such as CCT and TEXT-U. It was concluded in [4] that electrostatic energy transport dominates at the tokamak plasma edge. There is, of course, always a possibility that very short wavelength fluctuations outside the measurement range could play a role, or that under other conditions, such as high beta, magnetic fluctuations become significant.
For the discharges in which m = 2 Mirnov oscillations are large, we observe that the energy flux from magnetic fluctuations can become as large as the total energy flux in the vicinity of the q = 2 surface, and over a radial range about equal to the calculated island width. This provides a strong indication of magnetic-island-induced transport. It is also in agreement with experiments with externally controlled static magnetic stochasticity [30] in the TEXT-U tokamak. Given the overlap of magnetic islands this mechanism can be responsible for the total energy transport as it was implied in [8, 9] .
